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Introduction
Advances in recombinant DNA technology and plant Transgenic tobacco lines expressing the borage D6-transformation over the past few years have allowed the fatty acid desaturase were characterized for the accuintroduction of 'novel' traits into plant species. One area mulation of novel D6-unsaturated fatty acids. Two such of interest in this rapidly expanding field of plant biofatty acids, c-linolenic acid and octadecatetraenoic technology is the modification of the lipid profile of acid, were found to be present in a range of seed and oilseeds (Topfer et al., 1995) . This is particularly attractive non-seed tissues, though accumulation in seed tissues as a target for manipulation because the end-products was low. The distribution of these novel fatty acids have significant commercial value (as either foods, amongst the various lipid classes of the tobacco leaf pharmaceuticals or industrial raw material ) and because was examined. D6-Unsaturated fatty acids were found the lipids of oilseeds are synthesized by a well-defined in both plastidic and microsomal lipids and positional pathway (Shanklin and Cahoon, 1998 ; Miquel and analysis revealed that the novel fatty acids accumuBrowse, 1998). Plants, unlike animals, produce a large lated predominantly at the sn-2 position of the array of different fatty acids and these are usually found glycerolipid backbone. These data indicate that D6-in the storage lipid triacylglycerol ( TAG) (Stymne and desaturated fatty acids are readily incorporated into a Stobart, 1993). To date, over 300 different types of fatty range of membrane lipids, unlike other unusual plant acid have been reported in plants, a number of which are fatty acids. However, it may be that a number of differof interest as targets for exploitation (van de Loo et al., ent factors regulate the accumulation of D6-desatur-1993) . One such fatty acid is c-linolenic acid (GLA; ated fatty acids in the storage triacylglycerols of seeds.
1853D6,9,12) which is used as a general health supplement As the borage D6-desaturase is most probably located and is also a registered pharmaceutical used for the in the endoplasmic reticulum, the present data suggest treatment of conditions such as eczema and mastalgia that D6-unsaturated fatty acids present in the plastid (Horrobin, 1990) . One reason for the biologically active lipids are likely to have arisen as a result of import role of GLA in animals is that it is required for the into this organelle after desaturation in the ER.
synthesis of arachidonic acid (AA; 2054D5,8,11,14) , which in turn is the precursor of a class of compounds called the eicosanoids, which include the prostaglandins and Key words: Borage, fatty acid desaturase, c-linolenic acid, thromboxanes and are involved in cellular 'moment-tomoment' regulation (Gill and Valivety, 1997) . No such transgenic tobacco. different stages of seed development (according to Napier function has been to ascribed to GLA in plants, where it et al., 1995) . is considered to be mainly a storage compound present Total fatty acids were analysed as fatty acid methyl esters in the seed lipids of a limited number of species from a (FAMEs) using a modified extraction method (Bligh and Dyer, botanically-unrelated range of plant families (including 1959) . The fatty acid content was determined by gas chromatography of fatty acid methyl esters with flame ionization the Onagraceae, Boraginaceae and Primulaceae), detection using previously described methods (Sayanova et al., although GLA has been reported to occur in the mem-1997). In all cases, a minimum number of three runs were brane lipids of leaves of common borage (Griffiths carried out and quantified against known standards. All the et al., 1996) . results are expressed as mol% of total fatty acids, with a Recently, a cDNA clone was identified from borage maximum SE of 3% of the mean value.
Glycerolipids were separated according to the method of (Borago officinalis) which encoded a member of a new Griffiths et al. (Griffiths et al., 1996) Although a previous study demonstrated the accumulation of GLA and OTA in tobacco plants expressing the borage D6-fatty acid desaturase, the distribution of these Results fatty acids in different lipid classes was not determined and, in particular, whether there were any constraints on Transgenic tobacco plants expressing the borage D6-fatty acid desaturase under the control of the cauliflower the accumulation of GLA in specific lipid classes (such as TAG or phosphatidylcholine; PC ) and on the positions mosaic virus constitutive (35S ) promoter were selfed to produce homozygous T 2 lines. The D6-desaturase that these fatty acids were able to occupy on the glycerol backbone. This is particularly important since a number co-segregated with the kanamycin-resistance gene, neomycin phosphotransferase II, as well as the expected of studies have indicated that unusual fatty acids may be actively excluded either from some classes of lipids (usupresence of GLA. Confirmation of homozygosity was obtained by further selfing of selected lines, resulting in ally membrane lipids like phosphatidylcholine) or from specific positions within the glycerolipids themselves T 3 populations which were 100% KanR and 100% GLAcontaining. ( Vogel and Browse, 1996) . A detailed analysis of the lipid classes present in the seeds and vegetative tissues of Total fatty acids were extracted from either leaves or mature seeds of glasshouse-grown T 2 transgenic tobacco homozygous lines of transgenic tobacco plants expressing the borage D6-fatty acid desaturase is reported here.
plants expressing the borage transgene ( line c2) or from control transformed material. The fatty acids were analysed by GC, identified against known standards and
Materials and methods
expressed as mole percentages of total fatty acids ( Table 1) . GLA accumulated in the leaves of the trans- In view of the low levels of GLA and OTA observed Fatty acid methyl esters were analysed by GC and quantified against in the mature seeds of the c2 tobacco line, the fatty acid known standards; amounts are expressed as mol% and are the average composition of developing transgenic tobacco seeds was of a minimum of three runs. In all tabulated data, the SE is less than 3% of that of the mean.
determined, at three defined stages of seed development (Bearson and Lamppa, 1993; Napier et al., 1995 not serve as a substrate for the D6-desaturase. It did not appear to be due to the reduced activity of the transgene promoter, as the levels of GLA actually increased during were not observed in the leaves of the control tobacco development when expressed as nmol fatty acid mg−1 plants. There were also decreases in the levels of LA and fresh weight ( Table 4) , although the increase was small ALA in the c2 lines, compared with the control. The in comparison with the substantial increase in the total occurrence of GLA and OTA in mature (i.e. fully amounts of fatty acids synthesized over this period. developed and desiccated ) seeds was also determined.
Analysis of the lipid classes of the S1 seeds showed that However, only a low level of accumulation of GLA the major class was PC, and that this glycerolipid con-(2.6%) in these mature seeds with insignificant amounts tained most of the GLA. In contrast, the GLA in the of OTA ( Table 1) was observed. Moreover, there were mature tobacco seeds was present predominantly in the no other changes in the fatty acid profile of the tobacco TAG, which is the major lipid class in the seed at this seeds, the major component being LA.
(ultimate) stage of development (data not shown). Other tissues of the transgenic tobacco plants were also
To determine the distribution of GLA and OTA within examined for the presence of D6-unsaturated fatty acids, and accumulation of these two fatty acids was observed ( Table 5 ). This showed that both GLA with the use of the 'constitutive' viral 35S promoter. and OTA accumulated in MGDG, PC, TAG, and PE (in Accumulation patterns in the c2 lines are similar to those decreasing order of mol%), but not in PG. However, in borage, both fatty acids being present in many nonthere was no obvious relationship between the proporseed tissues (Griffiths et al., 1996 ; O Sayanova et al., tions of these fatty acids and those of their precursors unpublished data). Thus, the borage D6-fatty acid desatur-(LA and ALA). Similarly, the ratios of GLA and OTA ase is not expressed in an exclusively seed-specific manner, in the different lipid species varied.
unlike some other 'unusual' fatty acid desaturases (van In order to determine the positions of GLA and OTA de Loo et al., 1993) . This ability of GLA and OTA to on the glycerol moiety of PC and MGDG, these lipid accumulate in non-seed tissues demonstrates that D6-fractions from c2 leaf material was subjected to phosphounsaturated fatty acids do not compromise the fitness of lipase or lipase digestion, respectively, followed by GC either the borage plant (Griffiths et al., 1996) or the analysis of the reaction products. This revealed ( Table 6) transgenic tobacco plants used in this study. This conthat GLA and OTA were present predominantly at the trasts with the constitutive expression of a castor D12-sn-2 position (respectively, 79.7% and 86.4% at sn-2 as a hydroxylase in transgenic tobacco, which resulted in no percentage of total ) of MGDG. A similar situation was detectable accumulation in tissues other than seeds, even observed for PC, in which the majority of GLA and OTA though the transgene was expressed at high levels (van was at postion sn-2 (83.3% and 85.3%, respectively).
de Loo et al., 1995) . This is consistent with the observation that ricinoleic acid is only accumulated in the endo- hydroxylase is closely related to the D12-( oleate) desaturase and utilizes fatty acid substrates in microsomal PC.
Fatty acid Lipid class
Unlike the 'housekeeping' fatty acids, however, ricinoleic
acid is rapidly removed from membrane PC and only accumulates in TAG (Bafor et al., 1991 seed tissues, whereas the distribution of D6-unsaturated fatty acids is restricted almost exclusively to the seeds of Oenothera biennis (evening primrose).
leaves of homozygous line c2
The low accumulation of GLA in mature seeds is
The amounts of constituent fatty acids at the sn-1 and sn-2 positions perhaps surprising, given the levels of this fatty acid in were determined as before. Figures for fatty acids at the sn-1 and sn-2 non-seed tissues and in seeds at early stages of developpositions are given as mol%, and the percentage of the fatty acid at the ment. It is possible that this is due to the use of the viral sn-2 position (%sn-2) is also given.
CaMV 35S promoter, which is known to show a plateau
Fatty acid MGDG PC of activity in the developing seeds of transgenic tobacco (Slocombe et al., 1994) . However, this plateau occurs at acids when carried out in the fad2 mutant compared with the wild type (Broun et al., 1998) . The authors concluded In conclusion, this study indicates that the expression of the borage D6-desaturase results in the accumulation that this was due to competition between the oleate desaturase (i.e. FAD2) and the oleate hydroxylase. It of D6-unsaturated fatty acids in a range of different lipid classes. It is clear from expression of the D6-desaturase in may also be that tobacco seed acyltransferases for TAG assembly are less selective for the GLA or OTA than for yeast (Napier et al., 1998; O Sayanova et al., unpublished data) that this enzyme is localized to the ER, it also their own endogenous fatty acids, or that potential substrates for the D6-desaturase (such as LA) are rapidly implies that fatty acids such as GLA and OTA are synthesized by the 'eukaryotic' pathway and are then transferred into TAG and rendered unavailable for further desaturation.
subsequently transferred to the plastid for MGDG synthesis. Since the observed accumulation of these novel The presence of GLA and OTA in MGDG and PC indicates that these fatty acids are present in both plastidic fatty acids in the lipids of transgenic tobacco or borage is likely to reflect the 'steady-state' of the process, it is (MGDG) and extraplastidic (PC ) membranes, demonstrating exchange of fatty acids between these two comalso possible that more dynamic (short-term) fluxes of fatty acids take place within the cell. partments. No GLA or OTA was detected in the PG fraction, which although a marker for the 'prokaryotic' (i.e. plastid) synthesized lipids, does not contain any LA ively neutral.
